Abstract -The present study describes a quantitative analysis of phosphorus metabolism in ruminants. The database compiles 100 sources either published (95) or unpublished (5) involving studies on true or apparent phosphorus balances carried out before 1999. The database reports 652 distinct experimental conditions (lines) described with experimental variables (column) involving a total of 2 982 animals: 414 lambs (33 references), 1 078 sheep (37 references), 64 pregnant ewes (3 references), 212 lactating ewes (5 references), 528 calves (20 references), 4 maintenance cows (1 reference), 519 lactating cows (6 references), 42 kids (1 reference) and 121 lactating goats (3 references). The reliability of the database was tested using some general relationships.
INTRODUCTION
Phosphorus is currently one of the most polluting nutrients because of high animal husbandry concentrations in restricted areas [1] . Lowering pollution is the current challenge to preserve the environment and the consumer's perception of Agriculture. Dietary manipulations in monogastrics [2] have been extensively investigated. Very few of these studies have been performed in ruminants even though they may contribute up to 0.70 of phosphorus from animal faeces and urine [1] . Important points remain concerning the phosphorus metabolism of ruminants. Which value of true phosphorus absorption coefficient is more appropriate: 0.55 [3] or 0.70 [4] ? What influences dietary phosphorus availability? Should these factors be taken into account? How should phosphorus excretion, particularly endogenous faecal phosphorus, be determined? The answers to these and other questions will undoubtedly improve our way of optimising phosphorus feeding.
Many studies on phosphorus in ruminants were carried out and published in the 1970s and 1980s. Today, these reports represent a potential database for statistical analysis. The present authors reviewed the literature in order to compile the publications dealing with true or apparent phosphorus absorption and quantify the main effects on phosphorus metabolism in ruminants. Three articles report this work. The aim of the present paper was to describe the structure and content of the database as well as the methods applied to compile it. The two companion articles analyse the quantitative relationships of the digestive flux of phosphorus (article 2) and phosphorus excretion (article 3).
MATERIALS AND METHODS
This technique of quantitative reviewing has been widely used in human health care [5] and veterinary science [6] . Digestive flux studies [7] and dietary investigations [8] have previously been performed in our laboratory using this method.
Publications selected
A quantitative analysis of published and unpublished studies is a quantitative and, if possible, exhaustive review of trials with a common experimental aim [9] . The CAB abstracts were screened using the key words "phosphorus", "ruminants", "digestibility" and "metabolism" for original articles published before May 1999. In the database we only retained trials in which the digestibility of phosphorus or the phosphorus flux were determined in one of the three major species of domestic ruminants. The measurements using radio-isotopic techniques and those using other techniques were respectively designated "true" and "apparent" phosphorus digestibility studies.
In the appendix reference list, each selected publication is followed by a number in brackets ([B12] for instance) coding for the variable publication (PUB). Some of the reference sources reported one or more experiments (or trials), in which various treatments were used. Each line of the database represents the application of one treatment to a single group or animal.
Variables
Each experimental line is completed for the reference (PUB) and trial (TRIAL), for the quantitative and qualitative data on animals and diets, and for different phosphorus flux. The aim of the trials was also recorded and encoded in eleven levels in the proportions indicated in brackets: the consequences of varying phosphorus intake (0.32), phosphorus requirements (0.12), phosphorus digestibility and availability (0.13), inorganic phosphates (0.08), phosphorus metabolism and faecal endogenous phosphorus (0.06), distribution between faecal and urine phosphorus excretion (0.04), poultry litter as a source of phosphorus for sheep (0.03), influence of vitamin D3 on phosphorus metabolism (0.02), phosphorus metabolism in grazing animals (0.02), phosphorus metabolism in milk-fed ruminants (0.01) and diverse topics (0.17). A variable identified the research team with a senior researcher (TEAM; 1: Field; 2: Braithwaite; 3: Guéguen; 4: Scott; 5: Ternouth; 6: Pfeffer; 7: Grace; 8: Tillman and Brethour; 9: Lofgreen and Kleiber; 10: Vitti; 11: Compère; 12: Morse; 13: other researchers) .
The animal groups of each treatment were quantitatively described by their number (ANIM), mean age (AGE, in months), body weight (BW, in kg), dry matter intake (DMI, in g·day -1 ) and qualitatively by species (SPE: sheep, cattle, goats), production status (PROD: maintenance, growth, pregnancy, lactation) and the combination of the last two variables (SPEPROD) (1: lamb, 2: sheep, 3: pregnant ewe, 4: lactating ewe, 5: calf, 6: non-lactating cow, 7: lactating cow, 8: kid, 9 : lactating goat).
The dietary composition (expressed in DM content) was quantitatively documented in terms of the percentage of total concentrates (%CONC) and forages (%FOR). When available, the percentages of individual feedstuffs such as straw (%STRAW), hay (%HAY), corn silage (%CORNSIL) and total silage (%TOTSIL) were recorded. The feed concentrates were also listed separately (%SOYMEAL, %WHEAT for example). The total content in oilseed meals (%TOTMEAL) as in cereal and by-products (%CERBP) was noted, as well.
The chemical composition of the diet was documented in terms of g of phosphorus per kg of DM (PDIET) and g of calcium per kg of DM (CADIET). Because the diet content (in g·kg -1 DM) in phytic phosphorus (PHYT) and crude fibre (CF) were potentially interesting information not present in the original articles, they were estimated from feed tables [3, 10] when the type of feed was indicated.
The phosphorus metabolism was described using the different phosphorus flux data (expressed in g·day -1 ): ingested phosphorus (PING), faecal phosphorus (PFEC TOT ), endogenous faecal phosphorus (PFEC ENDO ), urinary phosphorus (PURI), salivary phosphorus (PSAL), bone phosphorus accretion (PBONE + ), release of bone phosphorus (PBONE -) and balance of bone phosphorus (PBONE). Plasma phosphorus content was reported when indicated (PPLASM, in mmol·L -1 ).
The following parameters were also calculated:
-total phosphorus entering into the di- The phosphorus flux values were also expressed per kg of body weight or per kg of DM intake (e.g., PING/BW or PABS SAL / BW, respectively, for the flux of ingested phosphorus and the absorption of salivary phosphorus). DM intake was also expressed per kg of body weight (DMI/BW). All the abbreviations are presented in Table I .
Statistical methods
Methodological care and specific statistical treatment were applied to this database, which was compiled from an unbalanced series of non-orthogonal variables. This analysis was performed using procedures of SAS [11] .
Verification of the consistency of each variable was based upon straightforward means including histograms, extrema, mean, and standard deviation values. The normality of the distribution of each variable was also investigated using the WilkShapiro test that verified the "normality of the distribution" versus the "non-normality of the distribution". All the relationships were monofactorial. In all the subsequent statistics, weighted models were employed using the number of animals involved in each treatment (ANIM) as an input factor of the whole analysis and by defining
, with ANIM i = the number of animals involved in the treatment i and n = the total number of treatments used in the model. This procedure was applied using the WEIGHT instruction of SAS [11] .
Varying conditions can hide within-trial variations. In the present study, within-trial variability was addressed using the covariance analysis. For each trial, a correction factor α was determined (variable TRIAL) from the following relationship:
Where Y = response, µ = overall mean, α = effect of the variable TRIAL, X = tested variable used as a covariable, a = coefficient of the regression of X with respect to Y, ε = residual error not taken into account in the model. These models are called "withintrial models".
The overall variations were also taken into account using the following succession of models. The first model determined the effect of X on Y by regression analysis with the number of animals in each treatment (ANIM) as a statistical weight: Regression analyses of trial mean values of the variable X with respect to the mean values of the variable Y were called "intertrial models":
All the statistical models were presented with the number of treatments (TRT), the number of experiments (EXP), the number of animals involved (ANIM), the square of the correlation coefficient (r 2 ), the root mean square error (RMSE) and the level of significance of the t-test probability for the model (P). In all the models presented, the coefficients are followed by their standard errors in brackets.
RESULTS AND DISCUSSION
The number of references and the publications recorded for each type of animal are presented in Table II .
General results
The database compiled 100 trials, among which 95 have been published. We also included 5 unpublished trials [12] [13] [14] [15] [16] (42 animals, [23] ) and were, on the average, 7 months old, weighed 10 kg and ingested 430 g DM.
The most frequently studied animals were sheep in the maintenance phase, used in 37 trials (1 078 animals, 285 treatments) . On the average, they were 22.7 months old, weighed 46.6 kg, and ingested 864 g DM. The heaviest sheep weighed on average 87 kg [24] , 76 kg [25] . Two trials assimilated ewes during the three last weeks of lactation as sheep in the maintenance phase [26, 27] . The non-lactating cows were used in only one trial (4 animals) for the study of the relationship between phosphorus and calcium absorption and their concentration in the diet [28] . The only pregnant animals of our database were ewes used in 4 trials (64 animals) and weighing 46 kg [29] , 50 kg [26] , 65 kg [30] , and 70 kg [27] . The lactating ewes ingested 859 g DM and weighed on average 59.6 kg. The lightest (50 and 57.5 kg) and heaviest (70 kg) ewes were used by [26, 31] . The lactating cows weighed 585 kg and ingested 17.0 kg DM, on the average. The heaviest lactating cows (645 kg) were used to define the true phosphorus availability for alfalfa and corn silage [32] . The lightest lactating cows (590 kg) were involved in a phosphorus excretion study [33] . On the average, the lactating goats weighed 45.7 kg and the ingested 1.85 kg DM. The heaviest lactating goats averaged 60 kg [34] and the lightest 40 kg [35] .
The animals described in the database were very diverse. Because each physiological state was unequally represented, the "physiological state" effect should be interpreted carefully.
Experimental diets (Tab. IV)
All forage diets were used for different experimental purposes. They were fed to lambs for the determination of phosphorus requirements [36] and the availability of phosphorus in corn silage [37] and alfalfa hay [17] . Pure forage diets were administered to grazing calves in a study of phosphorus metabolism [22] . On this type of diet phosphorus repletion after nitrogen and phosphorus deficiency was also analysed Quantitative aspects of phosphorus metabolism 257 [18]. In sheep, 100%-forage diets were given in order to determine the availability of phosphorus in forages [38, 39] , maintenance phosphorus requirements [40, 41] and the phosphorus metabolism [29, [42] [43] [44] [45] [46] [47] [48] [49] . [50] used 100% chopped hay diet for the determination of net intestinal exchange of ions. Incorporation of cereals into the diet reached 75.3% barley in the evaluation of dried poultry manure as a source of phosphorus for lambs [51] . The highest incorporation of dried beet pulp (88%) was used for the evaluation of ammonium polyphosphate in lambs [52] . The diets fed to lambs were the richest in concentrate feed (71.0% ± 42.3%). One third of them consisted of 100% concentrate and the two remaining thirds contained more than 40% concentrates.
Diets with concentrates were only given for the determination of phosphorus requirements for growth [40, 53] and in a study of phosphorus metabolism in milk-fed lambs [19] . Pure concentrate diets were also given to lambs for the evaluation of various phosphorus sources [51, 54] , in another study of phosphorus metabolism [55, 56] , for the determination of the availability of phosphorus in different feedstuffs [38, 57] , and for studies of phosphorus excretion [45, 58] and phosphorus metabolism [59] . In calves, 100%-concentrate diets were used for studying the influence of diet structure on phosphorus excretion [58, 60] as well as the phosphorus metabolism [21] . A 100%-concentrate diet was also given to lactating goats in an investigation of phosphorus metabolism during phosphorus depletion [61] .
Description of the major phosphorus flux values (Tab. V)
Most of the quantitative variables of the database had a normal distribution as shown Quantitative aspects of phosphorus metabolism 259 for plasma phosphorus (Wilk-Shapiro test: P > 0.1, Fig. 1 ). Urinary phosphorus did not present a normal distribution (Fig. 2) whether normalised according to body weight or not (in both cases, the Wilk-Shapiro test: P < 0.01) illustrating the homeostatic control on phosphorus excretion by the urine route. The low number of animals investigated for bone and salivary phosphorus flux did not permit to determine if their distribution is normal. The lowest phosphorus intakes were reported in experiments on phosphorus depletion in lambs: 0.273 g·day -1 [62] , 0.300 g·day -1 [63] and 0.350 g·day -1 [64] , in sheep in the maintenance phase [63, 65] and 21.50 g·day -1 in lactating cows [66] . Calves were fed a low-phosphorus diet (0.68 g·day -1 ) to determine its influence on dietary phosphorus and aluminum availability [67] . The highest phosphorus intakes were studied for their influence on phosphorus metabolism and excretion in ewes in the maintenance phase [26, 58] . Total faecal phosphorus (PFEC TOT ) represented 0.60 to 0.70 of the daily ingested phosphorus. This ratio was lower in kids (0.44) and lactating cows (0.58) and higher in lactating ewes (0.83). The endogenous faecal phosphorus Quantitative aspects of phosphorus metabolism 261 represented around 0.75 of the total faecal phosphorus loss (0.79 for cows in the maintenance phase and 0.75 for kids), except in lactating cows (0.16).
The phosphorus fluxes (faecal, faecal endogenous, urinary and ingested) were determined according to digestibility trials. In the original papers, salivary phosphorus was determined in sheep by the difference between duodenal phosphorus flux and ingested phosphorus flux [45] [46] [47] [48] [49] . Salivary phosphorus was also calculated [26, [68] [69] [70] using the equation of Conrad (1955) cited by [B99] : PSAL = PFEC ENDO /1-EFFABS ING .
[71] did not precise the method they used for the measurement of salivary phosphorus.
The bone phosphorus exchanges were assessed in growing lambs [20, 53] , in pregnant and lactating ewes [26, 27, 31, 72] , in sheep [25, 44, [73] [74] [75] , and growing calves [21, 68, 69] . The radioisotopic dilution method employed by [74] was similar to that used by [76] for a calcium kinetics study. The method assumes that no radioactivity returns to the exchangeable phosphorus pool. Given the constant cycle of formation -mineral release of bone and the role of phosphorus in numerous metabolic pathways, the bone phosphorus accretion and release estimations may be subject to error [25] .
In this work, we did not take into account calcium metabolism since calcium flows were not always present in the publications compiled and despite the known interactions between calcium and phosphorus metabolisms.
CONCLUSIONS
This paper presents an original database on phosphorus fluxes in ruminants, compiling 652 distinct experimental situations from 100 trials. The three livestock ruminant species and the main production stages were represented. The range of treatments included types of diets commonly used on farms as well as some extreme diets leading to variations in phosphorus metabolism.
The database consistency was verified. The high number of treatments and the use of adapted statistical methodology can be applied to draw general relationships. That is the purpose of the two companion articles in order to improve the knowledge of the quantitative aspects of (i) phosphorus digestive availability and absorption and (ii) phosphorus metabolism and excretion.
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